Obese individuals, especially those with abdominal adiposity, are prone to develop type 2 diabetes, hypertension, hyperlipidemia, and cardiovascular disease. This excess of adipose tissue can be the consequence of both hypertrophy (increased lipid accumulation) and hyperplasia (increased proliferation and/or differentiation) of adipose cells. The mechanisms controlling this process of preadipocyte proliferation and differentiation have been extensively studied in cell culture models, especially the 3T3-L1 and 3T3-F442A mouse preadipocyte cell lines (17, 18) .
A number of signaling pathways are essential for the induction of the adipocyte differentiation, especially the insulin and insulin-like growth factor 1 (IGF1) signaling pathways. Disruption of the insulin receptor or its major substrates in adipocytes IRS-1 and IRS-3 results in the inhibition of the adipogenic capacity of preadipocytes (12, 13, 57) . In vivo fat specific ablation of insulin receptor gene also leads to severe alteration of the adipose tissue development and function (3) . This effect of insulin on adipocyte differentiation appears to be mediated through the phosphatidylinositol (PI) 3-kinase and Akt pathway and is blocked by wortmannin or dominant-negative Akt constructs (16, 33, 45, 54, 57) . Another critical pathway for adipogenesis is the extracellular signal-regulated kinase (ERK) signaling pathway. This is apparent at the initiation of 3T3 adipocyte differentiation, which is marked by a growth event referred to as "clonal expansion" that is a prerequisite for terminal differentiation (52) . This step is also activated by insulin, and inactivation of ERK1/2 prevents this proliferative step and inhibits adipocyte differentiation (4) .
Coincident with these signaling events is a well-programmed series of transcriptional events that begins with the induction of two members of the CCAAT/enhancer binding protein family, C/EBP␤ and C/EBP␦, by mechanisms that involve glucocorticoid receptors and stimulation of the cyclic AMP (cAMP) regulatory element binding protein CREB (1, 7) . An important function of C/EBP␤ and C/EBP␦ is to directly activate expression of the two principal regulators of terminal adipogenesis, PPAR␥ and C/EBP␣, as well as by stimulating expression of some of the growth-associated genes that are required for facilitating C/EBP activity (8, 11, 14, 20, 53, 59) . Once PPAR␥ and C/EBP␣ are expressed, they cooperate to orchestrate expression of the full adipogenic program including induction of additional transcription factors, suppression of growth-associated genes and stimulation of insulin-dependent glucose transport (15, 44) .
TRB3 (Tribbles homologue 3, NIPK, SKIP3) is a mammalian homologue of the Drosophila Tribbles gene (6, 32) . TRB3 is a member of the recently defined family of pseudokinases (5) , proteins that contain a serine/threonine kinase catalytic domain but lack an ATP binding site or at least one of the conserved catalytic residues essential for kinase activity. In the liver, it appears that TRB3 can as a dominant-negative regulator of several kinases, most notably Akt (10) . Overexpression of TRB3 in liver completely inhibits insulin-stimulated S6 kinase 1 (S6K1) activation by mammalian target of rapamycin (mTOR), while knockdown of endogenous TRB3 increases both basal and insulin-stimulated activity (28) . The combination of elevated TRB3 and constitutive S6K1 activity results in decreased insulin signaling via the IRS-1/PI 3-kinase/Akt pathway (31) . Finally, TRB3 is also able to regulate the ERK signaling cascades by controlling both the extent and the specificity of MEK1/2 activation of ERK1/2 (27) .
In the present study we have investigated a potential role for TRB3 in regulating the differentiation of adipocytes. We show that TRB3 is normally downregulated during the clonal expansion phase of adipogenesis in 3T3-L1 preadipocytes in direct response to dexamethasone (DEX) and 3-isobutyl-1-methylxanthine (MIX). Overexpression of TRB3 in 3T3-L1 preadipocytes or mouse mesenchymal stem cells blocks adipogenesis by preventing induction of C/EBP␣ and PPAR␥. The inhibition of preadipocyte differentiation is accompanied by a TRB3-associated blockade of ERK signaling that prevents phosphorylation of regulatory phosphoacceptor sites within C/EBP␤. Moreover, TRB3 is present in both the nucleus and the cytoplasm of preadipocytes and physically interacts with C/EBP␤ at repression domain 1, inhibiting its ability to bind DNA and transactivate downstream adipogenic promoters. Taken together, these data demonstrate that TRB3 is an important negative regulator of adipogenesis, acting to control the proadipogenic activity of C/EBP␤.
MATERIALS AND METHODS
TRB3 cloning. mRNA of proliferating 3T3-L1 cells was extracted by using an RNeasy minikit (QIAGEN) and reverse transcripted into cDNA with a high-capacity cDNA reverse transcription kit (Applied Biosystems). TRB3 forward (5Ј-GAT-ATC-GGA-TCC-ACC-ATG-CGA-GCT-ACA-CCT-CTG-GCT-GCT-TCT-GCT-GAT-3Ј) and TRB3 reverse (5Ј-GAT-ATC-GTC-GAC-CTA-GCC-GTA-CAG-CCC-CAC-CTC-CCC-TTC-CTC-AGC-3Ј) primers were used to amplify TRB3 cDNA using Platinum Pfx DNA Polymerase (Invitrogen). The PCR fragment was cloned with a pGEM-T easy vector system I (Promega Corp.). TRB3 cDNA was subcloned into BamHI-XhoI-digested pCDNA3.1 vector (Invitrogen) and into pBABE-Neo vector using BamHI-SalI restriction sites.
Retroviral infection. TRB3 was stably introduced into 3T3-L1 cells and Swiss-LAP cells by retroviral infection. Plates (10 cm) of human embryonic kidney 293T cells were transiently transfected with 10 g of retroviral expression vectors and the viral packaging vectors SV-E-MLV-env and SV-E-MLV using TransITExpress transfection reagent (Mirus Bio Corp.). At 48 h after transfection, virus-containing medium was collected and passed through a 0.45-m-pore-size syringe filter. Filter-sterilized Polybrene (hexadimethrine bromide; 12 g/ml) was added to the virus-loaded medium. This medium was then applied to proliferating (40% confluent) cells. At 24 h after infection, cells were treated with trypsin and replated in a medium supplemented with zeocin (Invitrogen) as aselection antibiotic.
Analysis of gene expression by quantitative PCR. A total of 1 g of total RNA was extracted by using an RNeasy minikit (QIAGEN) and was reverse transcribed in 20 l by using an Advantage RT-for-PCR kit (BD Biosciences) according to the manufacturer's instructions. A portion (5 l) of diluted (1/20) reverse transcription reaction was amplified with specific primers (300 nM each) in a 20-l PCR with a SYBR green PCR master mix (Applied Biosystems). Analysis of gene expression was done in an ABI Prism 7000 sequence detector for an initial denaturation at 95°C for 10 min, followed by 40 PCR cycles, each cycle consisting of 95°C for 15 s, 60°C for 1 min, and 72°C for 1 min, and SYBR green fluorescence emissions were monitored after each cycle. For each gene, mRNA expression was calculated relative to TBP for murine samples. Amplification of specific transcripts was confirmed by melting-curve profiles (cooling the sample to 68°C and heating slowly to 95°C with measurement of fluorescence) at the end of each PCR. The specificity of the PCR was further verified by subjecting the amplification products to agarose gel electrophoresis. The primers used for quantitative PCR were TRB3 (5Ј-CTT-TTG-GAA-CGA-GAG-CAA-GG-3Ј and 5Ј-GTG-TTG-TGG-GTA-TCT-GAA-GG-3Ј), C/EBP␤ (5Ј-CCA-AGA-AGA-CGG-TGG-ACA-A-3Ј and 5Ј-CAA-GTT-CCG-CAG-GGT-GCT-3Ј), C/EBP␦  (5Ј-ATC-GAC-TTC-AGC-GCC-TAC-A-3Ј and 5Ј-GCT-TTG-TGG-TTG-CTG-TTG-AA-3Ј), C/EBP␣ (5Ј-CAA-GAA-CAG-CAA-CGA-GTA-CCG-3Ј and 5Ј-GTC-ACT-GGT-CAA-CTC-CAG-CAC-3Ј), PPAR␥ (5Ј-CCC-TGG-CAA-AGC-ATT-TGT-AT-3Ј  and 5Ј-GAA-ACT-GGC-ACC-CTT-GAA-AA-3Ј), FAS (5Ј-GAG-GAC-ACT-CAA-GTG-GCT-GA-3Ј and 5Ј-GTG-AGG-TTG-CTG-TCG-TCT-GT-3Ј), Glut4 (5Ј-TGA-TTC-TGC-TGC-CCT-TCT-GT-3Ј and 5Ј-GGA-CAT-TGG-ACG-CTC-TCT-CT-3Ј),  aP2 (5Ј-CTG-GGC-GTG-GAA-TTC-GAT-3Ј and 5Ј-GCT-CTT-CAC-CTT-CCT-GTC-GTC-T-3Ј), and TBP (5Ј-ACC-CTT-CAC-CAA-TGA-CTC-CTA-TG-3Ј and 5Ј-TGA-CTG-CAG-CAA-ATC-GCT-TGG-3Ј) .
Cell lysates and immunoblotting. For total cell lysates, cells were washed once with cold phosphate-buffered saline (PBS) and scraped in radioimmunoprecipitation assay lysis buffer complemented with 1% sodium dodecyl sulfate, 10 mM ␤-glycerophosphate, 10 mM NaF, 0.1 mM sodium orthovanadate, and the complete protease inhibitor mixture (1:50 tablet per ml; Roche Applied Sciences). Lysis of cells was immediately followed by boiling for 3 min. Lysates were subsequently treated with benzonase nuclease (Emdbiosciences-Novagene). Whole-cell extracts were stored at Ϫ80°C. Nuclear and cytoplasmic extracts were prepared with an NE-PER nuclear and cytoplasmic extraction reagent kit (Pierce Biotechnologies). Protein concentrations were determined by the Bradford method (Bio-Rad). Equal amounts of protein were used for immunoblot analysis. Proteins were separated by electrophoresis in polyacrylamide gels. Protein was transferred to a polyvinylidene difluoride membrane (Amersham Biosciences) and immunoblotted with the appropriate antibodies. Secondary antibodies were horseradish peroxidase (HRP)-conjugated goat anti-rabbit, HRPconjugated goat anti-mouse (Pierce Biotechnologies), and HRP-conjugated bovine anti-goat (Santa Cruz Biotechnologies) immunoglobulin G (IgG). Membranes were visualized by using Supersignal West Pico substrate or Supersignal West Dura extended duration substrate (Pierce Biotechnologies).
Coimmunoprecipitation. NIH 3T3 cells were transiently transfected with TransITExpress transfection reagent. Two days later, the cells were washed twice with cold PBS buffer, scraped in ice-cold lysis buffer (50 mM Tris ⅐ HCl [pH 7.5], 100 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 50 mM NaF, 10 mM ␤-glycerophosphate, 0.5 mM Na 3 VO 4 , and protease inhibitor mixture), sonicated, and then centrifuged at 10,000 ϫ g at 4°C for 20 min. Supernatants were recovered, and protein concentrations were determined. Antibodies (10 g/ml) against the Flag tag were added to protein G-Sepharose beads equilibrated in the lysis buffer for 1 h at 4°C. Beads were washed three times with 1 ml of iced-cold lysis buffer and added to1 mg of protein lysate in a final volume of 0.5 ml, followed by incubation at 4°C for 4 h. Immunoprecipitates were recovered by centrifugation at 2,500 ϫ g and washed three times with ice-cold lysis buffer. Immunoprecipitated proteins were eluted in Laemmli buffer, denatured at 100°C for 5 min, and subjected to Western blotting as described above.
Reporter assays. Swiss LAP A cells were plated in 24-well plates and grown to ϳ40% confluence, at which time they were changed to media in the presence or absence of tetracycline. Two days later, at ϳ85% confluence, the cells were transfected with 2 g of promC/EBP␣-LUC, 2 g of pcDNA3-control, or pcDNA3-TRB3 and 0.04 g of pRL-CMV (Promega, Madison, WI) using TransITExpress transfection reagent. The cells were harvested 48 h later and analyzed for luciferase activity. The luciferase activity was measured by using the DLRII kit (Promega). NIH 3T3 cells were also plated in 24-well plates, grown up to 80% confluence, and transfected with 200 ng of CEBPs constructs and/or 400 ng of pcDNA3.1-TRB3 with Lipofectamine 2000 transfection reagent (Invitrogen). Cells were then treated and analyzed as described above.
Antibodies. Anti-TRB3 (ST-1032) antibody was purchased from Calbiochem. Antibodies to phospho-Thr235-C/EBP␤ (3084), phospho-Ser473-Akt (catalog no. 9271), Akt (catalog no. 9272), phospho-Ser9-GSK3␤ (catalog no. 9336), phospho-Thr202/Tyr204-p44/42 mitogen-activated protein (MAP) kinase (catalog no. 9101), p44/42 MAP kinase (catalog no. 9102), and lamin A/C (catalog no. 2032) were purchased from Cell Signaling. Antibodies to fatty acid synthase (FAS; ab22759) and superoxide dismutase 4 (SOD4; ab16834) were purchased from Abcam. C/EBP␤ (sc-150), C/EBP␦ (sc-151), C/EBP␣ (sc-61), HRP-conjugated antiactin (sc-1616), and Glut4 (sc-7938) were purchased from Santa Cruz Biotechnologies. PPAR␥ antibody (catalog no. 07-466) was purchased from Upstate. Antiadiponectin (PA1-054) was purchased from Affinity Bioreagents. Anti-Flag M2 (F1804) was purchased from Sigma-Aldrich. Polyclonal antiperilipin was a gift from Andy Greenberg (New England Medical Center, Tufts University, Boston, MA).
Oil Red O staining. Culture dishes were washed in PBS (pH 7.4), and cells were fixed in 3.7% formaldehyde for 1 h, followed by staining with Oil Red O for 1 h. Oil Red O was prepared by diluting a stock solution (0.5 g of Oil Red O [Sigma]) in 100 ml of isopropanol with water (60:40 [vol/vol]), followed by filtration. After staining, plates were washed twice in water and photographed.
Immunohistochemistry. At 2 days postinduction the cells were fixed in 4% paraformaldehyde for 15 min at room temperature, permeabilized with 0.1% Triton X-100 for 10 min, and blocked in 0.1% bovine serum albumin for 30 min. Cells were then incubated with C/EBP␤ antibody, followed by Alexa Fluor 594-conjugated secondary antibody. Preparations were mounted in DAPI (4Ј,6Ј-diamidino-2-phenylindole) mounting solution (Vector Laboratories).
Oligonucleotide pull-down assays. Nuclear extracts were performed as described above after which 250 g of the extract was mixed with oligonucleotides VOL. 27, 2007 TRB3 BLOCKS ADIPOCYTE DIFFERENTIATION 6819 containing C/EBP consensus and mutant sequences that had been conjugated to agarose (Santa Cruz Biotechnologies). Purifications were performed as recommended by the manufacturer, and protein complexes were eluted in Laemmli buffer, boiled for 3 min, and analyzed by Western blot.
RESULTS
TRB3 expression is regulated during adipocyte differentiation. Insulin or IGF1, acting through PI 3-kinase and Akt, are principal extracellular regulators of the early phase of adipogenesis. Since TRB3 has been shown to be a potentially physiologically important regulator of insulin action and Akt signaling, we sought to determine whether TRB3 might participate in the differentiation of adipocyte cells. To this end, we first analyzed the expression of TRB3 mRNA and protein during the conversion of 3T3-L1 preadipocytes into adipocytes by using a protocol with 2 days of treatment by DEX, MIX, insulin, and fetal bovine serum, after which the cells were maintained in medium containing insulin and fetal bovine serum. By real-time PCR, TRB3 mRNA was easily detected in preadipocytes, and its expression was downregulated by 85% after exposure of the cells to DEX, MIX, and insulin during the initial 2 days of differentiation (Fig. 1A ). This fall was reversed as soon as the induction cocktail was eliminated from the culture medium. TRB3 mRNA then increased to 2.5-fold above initial levels as the preadipocytes underwent terminal differentiation to adipocytes (days 2 to 8). Consistent with these data, Western blots showed a low but detectable level of TRB3 protein in preadipocytes, followed by a transient downregulation of TRB3 during the first 2 days of adipogenic induction and then a severalfold increase during terminal differentiation (Fig. 1B) . These changes occurred in parallel with previously defined changes in adipogenic markers and the transcriptional cascade leading to adipocyte differentiation. Thus, during the first 2 days, there was a transient, but marked, increase in C/EBP␤ and C/EBP␦, followed by gradual increases in C/EBP␣, PPAR␥, and ultimately FAS and GLUT4 (Fig. 1B) .
To identify which components of the adipogenic cocktail were responsible for the transient suppression of TRB3 expression during the initial 2 days of induction and/or differentiation, we treated 3T3-L1 preadipocytes with DEX, MIX, or insulin, either separately or in combination, for 24 h. TRB3 mRNA expression was inhibited 67% by DEX, 80% by MIX, and 91% by both. These effects occurred both in the presence and in the absence of insulin. Thus, DEX and MIX appeared to act in a synergistic manner to suppress TRB3 expression, and this effect was independent of the effect of insulin on the differentiation process (Fig. 1C) .
TRB3 overexpression blocks the differentiation of 3T3-L1 cells into adipocytes. The data in Fig. 1 suggested that one of the early events in adipogenesis is a transient inhibition of TRB3 expression by glucocorticoids and cAMP-mediated activators in the adipogenic cocktail. To determine whether this downregulation of TRB3 was a prerequisite or important in the adipogenic differentiation process, we stably expressed TRB3 in 3T3-L1 cells by using retroviral gene transduction and then tested the ability of the resulting cell line to differentiate into adipocytes. During the entire time course of adipocyte differentiation, the 3T3-L1-TRB3 (Fig. 2B , solid line) displayed at least a 20-fold overexpression of TRB3 compared to the 3T3-L1 infected with the control retrovirus (dashed line) (Fig. 2B ). For the cells overexpressing TRB3, we observed a dramatic reduction in their capacity to achieve adipogenesis. This deficiency was characterized by their inability to accumulate triglyceride containing lipid droplets, as visualized by the Oil Red O staining of cells 8 days after induction ( Fig. 2A ) and could be observed as early as by 4 days of induction.
This failure of the 3T3-L1-TRB3 preadipocytes to differentiate into mature adipocytes was confirmed by real-time PCR analysis of differentiation markers. At day 8 postinduction, there was a 79% reduction in Glut4 mRNA expression, a 54% reduction for FAS mRNA expression and a 75% reduction in the adipocyte fatty acid binding protein (A-FABP or aP2) mRNA expression (Fig. 2B ). This inhibition was easily detected as early as day 4 with reductions of Glut4, FAS. and A-FABP mRNA expression, by 92, 62, and 87%, respectively.
In an attempt to identify potential targets of the inhibitory action of TRB3, we analyzed the transcription factors regulating expression of the mature adipocyte markers. In cells overexpressing TRB3, the expression of both C/EBP␣ and PPAR␥ mRNAs were already decreased at day 4 by 80 and 63%, respectively. This decrease persisted throughout the entire time course of differentiation, with 70 and 50% reductions in C/EBP␣ and PPAR␥ expression, respectively, on day 8 (Fig.  2B ). These results suggested that TRB3 must have been acting at some site early in the adipogenic cascade to antagonize induction of the C/EBP␣ and PPAR␥ genes. In 3T3-L1 cell differentiation, the genes immediately upstream of C/EBP␣ and PPAR␥ are C/EBP␤ and C/EBP␦. In contrast to C/EBP␣ and PPAR␥, C/EBP␦ expression was unchanged in the 3T3-L1-TRB3 cells, and C/EBP␤ mRNA expression was actually increased by 50% over that in control cells at days 0 and 2 and showed no significant difference at other time points. In addition, both of these transcription factors were induced during the first days of differentiation with kinetics identical to those in the control cells. Western blots experiments confirmed the gene expression patterns (Fig. 2C) . Thus, both Glut4 and FAS protein expression were almost abolished in the TRB3-overexpressing cells, as was the expression of C/EBP␣ and PPAR␥ protein, whereas both C/EBP␤ and C/EBP␦ proteins displayed a normal transient expression pattern with a slight increase in the amount of C/EBP␤ at day 2 in cells overexpressing TRB3. Taken together with previous studies indicating that C/EBP␤ and C/EBP␦ are key intermediates during the mitotic clonal expansion of preadipocytes during induction by DEX and MIX and function together to induce expression of both C/EBP␣ and PPAR␥ (15) , these data suggest that TRB3 can block adipogenesis by acting at a step between these C/EBP␤ and C/EBP␦ in the induction of PPAR␥ and C/EBP␣.
TRB3 specifically inhibits C/EBP␤ transcriptional activity. To investigate how TRB3 might regulates C/EBP␤ activity to produce these effects, we used a Swiss 3T3 cell line in which ectopic production of C/EBP␤ is facilitated by a Tet-off conditional expression system (Swiss-LAP cells) (60) . Culture of these cells in tetracycline suppresses C/EBP␤ and maintains their growth as fibroblasts, while removal of tetracycline from the culture media leads to a robust induction of exogenous C/EBP␤, which in turn promotes PPAR␥ expression, allowing full induction of adipogenesis following in the presence of a (Fig. 3A) . To test the effect of TRB3 on C/EBP␤, we infected the Swiss-LAP cells with a retroviral vector containing TRB3 cDNA, leading to a cell line that constitutively expresses TRB3 but produces C/EBP␤ conditionally in response to tetracycline (Swiss-LAP-TRB3). Western blot experiments were performed on Swiss-LAP 8 days after differentiation induction in the presence or the absence of the thiazolidinedione rosiglitizone (TZD), tetracycline, and TRB3 overexpression. As expected, in the presence of tetracycline, the endogenous levels of C/EBP␤ in Swiss-LAP cells were very low or undetectable and were not able to induce the expression of PPAR␥ or C/EBP␣ or to promote differentiation of these cells into adipocytes even in the presence of the TZD (Fig. 3A) . As soon as the tetracycline was removed, the expression of C/EBP␤ was upregulated resulting in an increase in PPAR␥ expression, and when TZDs were added to the differentiation medium, this led to the differentiation of Swiss-LAP cells into mature adipocytes, char- (Fig. 3A) . TRB3 overexpression in these cells did not prevent the overexpression of exogenous C/EBP␤ in the absence of tetracycline but blocked its ability to induce PPAR␥ expression and therefore prevented the TZD from triggering differentiation. Indeed, even in the presence of TZD and the absence of tetracycline, Swiss-LAP cells overexpressing TRB3 were not able to differentiate into mature adipocytes or increase their expression of adiponectin or perilipin (Fig.  3A) . TRB3 is known to interact with leucine-zipper transcription factors such as ATF-4 (CREB-2) (36). Since C/EBP␤ is a member of the same family of leucine-zipper proteins, we questioned whether there might be a direct physical association between TRB3 and C/EBP␤. Accordingly, we transfected HEK-293 cells with cDNAs expressing a Myc-tagged C/EBP␤ alone or in combination with either a Flag-tagged TRB3 or a Flag-tagged N-terminal truncated form of TRB3 and performed a series of immunoprecipitations with a polyclonal anti-Flag antibody. Western blot analysis of the immunoprecipitates with polyclonal anti-TRB3 and C/EBP␤ antibodies demonstrated that the anti-Flag antibody precipitated each of the corresponding Flag-tagged forms of TRB3, but not the Myc-tagged C/EBP␤, when transfected separately (Fig. 3B) . However, when TRB3 and C/EBP␤ were coexpressed in the HEK-293 cells, Western blot analysis of the immunoprecipitates with anti-C/EBP␤ revealed that TRB3 was coimmunoprecipitated with the full-length C/EBP␤ (Fig. 3B) , This appeared to be mediated via a C-terminal domain of TRB3, since no interaction was observed between C/EBP␤ and a C-terminal truncated form of TRB3 (⌬TRB3), despite similar levels of expression of C/EBP␤ in the cell lysates (Fig. 3B) . To address the specificity of this interaction, we performed similar experiments with cDNAs for full-length C/EBP␣ and C/EBP␦, but in neither case were there any interactions with either C/EBP␣ or C/EBP␦ (data not shown).
This last result raised the question about how does TRB3 achieve specificity toward C/EBP␤. As reviewed by Ramji and activation function and its DNA-binding activity. To study the importance of these two domains in the interaction between TRB3 and C/EBP␤, we created several mutated Myc-tagged isoforms of C/EBP␤ LAP*, LAP and LIP, truncated from either RD1 (⌬1) or RD2 (⌬2) (Fig. 3C) . Each of the C/EBP␤ constructs was then transfected into HEK-293 cells alone or with a Flag-tagged TRB3 construct, and their ability to interact with TRB3 was determined by coimmunoprecipitation. Each sample was then incubated with either a normal mouse IgG as a negative control (No), an anti-Myc IgG as a positive control (Myc), or an anti-Flag IgG (Flag), and immunoprecipitates were analyzed by Western blotting. As shown in Fig. 3D , the interaction between C/EBP␤ and TRB3 was confirmed with both full-length cDNA encoding LAP* and LAP isoforms. More interestingly, the deletion of the first repression domain RD1 of those two isoforms (LAP*-⌬1 and LAP-⌬1) markedly impaired their ability to interact with TRB3, whereas the deletion of the second repression domain, RD2, did not (LAP*-⌬2 and LAP-⌬2). As a confirmation, the LIP isoform of C/EBP␤, which lacks entirely RD1 and lacks partially RD2, was unable to interact with TRB3 (LIP). These results indicate that TRB3 specifically interacts with the repression domain RD1 of C/EBP␤ isoforms.
To address whether the interaction between TRB3 and C/EBP␤ affects the transcriptional activity of C/EBP␤, we performed a series of reporter gene assays using constructs in which the a-FABP promoter and C/EBP␣ promoter can drive the expression of luciferase in response to C/EBP␤ activity due to the presence a C/EBP binding element in these promoters (8) . The assays were performed by transfecting the a-FABP or C/EBP␣ promoter/reporter construct in HEK-293 cells with or without a TRB3 and/or LAP-expressing constructs ( Fig. 4A  and B) . Both promoters were transactivated in response to LAP overexpression, whereas the overexpression of TRB3 tended to diminish their basal activity. More interestingly, the coexpression of TRB3 inhibited C/EBP␤ ability to transactivate the a-FABP and C/EBP␣ promoters by 42% (P Ͻ 0.04) and 39% (P Ͻ 0.05). It should be noted that the specificity of interaction of TRB3 for C/EBP␤ was also confirmed in these experiments, since TRB3 was not able to inhibit either C/EBP␦ (Fig. 4C ) or C/EBP␣ (Fig. 4D ) effects on the C/EBP␣ promoter. Similar assays were also performed by transfecting the C/EBP␣ promoter/reporter construct into Swiss-LAP cells in the presence or absence of an ectopic TRB3 with or without exposure to tetracycline. Simple expression of ectopic TRB3 did not significantly modify the basal activity of C/EBP␣ promoter. Furthermore, culture of the transfected Swiss-LAP cells in the absence of tetracycline led to a threefold activation of the C/EBP␣ promoter reflecting the expression of the exogenous C/EBP␤. However, in cells overexpressing TRB3, the level of C/EBP␣ promoter activation by C/EBP␤ was reduced by 50% (P Ͻ 0.05), indicating that TRB3 is capable of blocking C/EBP␤ transcriptional activity (Fig. 4E) . Taken together, these results are consistent with the observations above that the overexpression of TRB3 prevents the expression of C/EBP␣ and a-FABP.
TRB3 does not prevent the translocation of C/EBP␤ into centromeric regions of the nucleus but impairs its ability to bind DNA. During mitotic clonal expansion, C/EBP␤ is translocated into the nucleus, where it can transactivate expression of target genes, including PPAR␥ and C/EBP␣. One possible mechanism by which TRB3 might inhibit C/EBP␤ activity is to prevent its translocation into the nucleus. To assess this possibility, we examined the cellular localization of C/EBP␤ by immunohistochemistry in HEK-293 cells transfected with a construct expressing a FLAG-tagged TRB3. As expected, endogenous C/EBP␤ localization was mainly nuclear in HEK-293 cells (Fig. 5A) . When TRB3 was overexpressed in these cells, it displayed a clear nuclear localization and, in fact, appeared to colocalize with the endogenous C/EBP␤ in the nucleus, as shown by the merged pictures (Fig. 5A, left panels) . To confirm this result, we overexpressed C/EBP␤ in HEK-293 cells in the presence or the absence of ectopic TRB3. In the absence of ectopic TRB3 expression, the same nuclear localization was observed for the exogenous C/EBP␤ compared to the signal observed for the endogenous C/EBP␤ (Fig. 5A , middle panels). When both TRB3 and C/EBP␤ were ectopically expressed, they both colocalized within the nucleus, confirming that TRB3 interaction with C/EBP␤ did not modify C/EBP␤ nuclear localization (Fig. 5A, right panels) .
To determine whether TRB3 might alter C/EBP␤ localization during the adipocyte differentiation process, we examined the cellular localization of endogenous C/EBP␤ by immunohistochemistry in 3T3-L1 preadipocytes overexpressing TRB3. Two days after exposure to induction cocktail, the immunohistology demonstrated that C/EBP␤ was nuclear and strongly localized to centromeric regions of the nuclei of the control 3T3-L1 cells, and this distribution was unchanged in preadipocytes overexpressing TRB3 (Fig. 5B) . Analysis of the distribution of C/EBP␤ between cytoplasmic and nuclear compartments by Western blot analysis after subcellular fractionation revealed that C/EBP␤ sedimented exclusively with nuclei during the fractionation of the 3T3-L1 preadipocytes and that TRB3 had no effect on its distribution (Fig. 5C ). The purity of these cellular fractions was verified by immunoblotting with anti-lamin A (nuclear) and anti-SOD4 (cytoplasmic) antibodies. Taken together, our data suggest that TRB3 can interact directly with C/EBP␤ and inhibit its transcriptional activity. Furthermore, TRB3 is located in both the cytoplasmic and the nuclear compartments but does not inhibit C/EBP␤ translocation into the nucleus of 3T3-L1 preadipocytes during clonal expansion and adipocyte differentiation.
Another possible mechanism by which TRB3 might inhibit C/EBP␤ activity is to prevent its ability to bind its response element. To address this possibility, we performed an oligonucleotide-pulldown assay with consensus and mutant C/EBP oligonucleotides. Nuclear extracts from 3T3-L1 preadipocytes overexpressing or not TRB3 were prepared 2 days after induction of adipocyte differentiation and incubated with the consensus and mutant C/EBP oligonucleotides conjugated to agarose beads. The protein complexes bound to those elements were analyzed by Western blotting. As expected, in the control conditions, both C/EBP␤ and C/EBP␦ were able to bind the C/EBP response element in a specific manner, as demonstrated by the markedly reduced binding of both C/EBP␤ and C/EBP␦ with the C/EBP mutant consensus oligonucleotides. Under these conditions, we also observed a detectable signal of endogenous TRB3 in the proteins complexed to the C/EBP response element, and this was strongly reduced with the mutant oligonucleotide, probably reflecting the interaction between the endogenous TRB3 and the endogenous C/EBP␤ (Fig. 5D) . In these experiments, the overexpression of TRB3 reduced the amount of C/EBP␤ bound the C/EBP response element by 28% (P ϭ 0.05), whereas no changes in the amount of C/EBP␦ were observed. Note that the overexpression of TRB3 was also reflected by an increase in the amount of TRB3 complexed to the C/EBP response element. These results demonstrate that some of the inhibitory effect of TRB3 on C/EBP␤ is due to an inhibition of its ability to bind DNA, but another additional mechanism was probably involved.
TRB3 inhibits phosphorylation of C/EBP␤ during the early phase of adipogenesis. TRB3 has been shown to inhibit both the Akt and the MAP kinase pathways in response to insulin signaling in several cell types (10, 27) . As noted above, these signaling pathways are also known to be essential for preadipocyte differentiation. To determine whether TRB3 might be affecting C/EBP␤ activity through perturbation of one of these pathways, we assessed the activity of the Akt and MAP kinase pathways in cultured 3T3-L1 cells ectopically expressing TRB3. In 3T3-L1 overexpressing TRB3, we observed a significant inhibition of basal and insulin stimulated phosphorylation of ERK1/2 phosphorylation state, as well as an inhibition of basal and insulin stimulated phosphorylation of GSK3 and activation of Akt (Fig. 6A) .
Since both GSK3 and ERK1/2 have been shown to phosphorylate C/EBP␤ and thereby regulate its transcriptional activity, it was important to analyze the activation of these specific signaling molecules during the first few hours of differentiation in 3T3-L1 cells to determine which might be the earliest target of TRB3. During the first hour of differentiation after exposure to DEX, IBMX, and insulin, there was a robust induction of phosphorylation of Akt (P-Ser 473 Akt) and GSK3
(P-Ser 9 -GSK), and this was maintained during the first 8 h of induction (Fig. 6B, low left panel) . Somewhat surprisingly, at these early time points in differentiation, we observed that overexpression of TRB3 had no effect on the phosphorylation of Akt or GSK3 in response to the adipogenic cocktail in these cells (Fig. 6B, low right panel) . In control cells, stimulation of the ERK pathway was first detected at 4 h postinduction as indicated by an extensive phosphorylation of ERK1/2 (PThr 202 /Tyr 204 -ERK1/2). In addition, in control cells during this induction, C/EBP␤ expression was already induced by 2 h and concomitant with the activation of the ERK1/2, C/EBP␤ was phosphorylated on Thr188 (Fig. 6B, upper left panel) . Overexpression of TRB3, on the other hand, inhibited the phosphorylation and activation of the ERK1/2 and, in doing so, strongly reduced the phosphorylation of C/EBP␤ (Fig. 6B,  upper right panel) . To confirm this observation, we prepared nuclear extracts of three independent preadipocyte cell lines 1 day postinduction and studied the phosphorylation state of nuclear C/EBP␤ in the presence or the absence of TRB3 ectopic expression. In the control cells, we obtained a robust activation of C/EBP␤ on its ERK consensus site, whereas in the 3T3-L1-TRB3 cells, the activation of both ERK1/2 and C/EBP␤ were strongly reduced (Fig. 6C) . TRB3 overexpression resulted in at least a 60% reduction in the phosphorylation of C/EBP␤ (Fig. 6D) . Taken together, these data indicate that TRB3 can block C/EBP␤ activity directly by interacting with the protein and reducing its ability to bind DNA, thereby suppressing its transcriptional 
DISCUSSION
There are three isoforms of TRB in mammalian cells, which represent orthologues of Drosophila Tribbles, a protein that inhibits mitosis early in development (19, 30, 46) . All three mammalian TRB isoforms, as well as Tribbles, have homology to serine/threonine kinases but lack catalytic residues, making them members of the pseudokinase family (5). Trb3 is highly expressed in some human tumors (6) and has been shown to be increased under fasting conditions in the adipose tissue, where it functions to inhibit lipid synthesis by stimulating the degradation of the rate-limiting enzyme of fatty acid synthesis, acetyl coenzyme A (39). Trb3 has also been reported to be increased by fasting in the liver, where it suppresses insulin signal transduction by inhibiting the activity of the protein kinase Akt, as well as potentially other signaling pathways (10, 27, 48) . In the present study, we explored the role of TRB3 in adipogenesis and defined a new activity of this protein as a new negative modulator of adipocyte differentiation as it acts an inhibitor of C/EBP␤ transcriptional activity.
The commitment of precursor cells to differentiate along a particular lineage is determined by the interplay of a series of negative and positive effectors controlled by a number of hormonal and growth factor signals (41) . In cultured models, the hormonal signals include activation of the insulin or IGF1, glucocorticoid and cAMP signaling pathways, which act to regulate a cascade of transcription factors controlling differentiation, especially members of the C/EBP family and PPAR␥. In the present study, we find that TRB3 is normally expressed in preadipocytes and is transiently downregulated during the clonal expansion phase of adipogenesis by induced by both glucocorticoids and agents that increase cAMP. This downregulation appears to be an important step toward adipogenic differentiation by allowing a MAP kinase-dependent phosphorylation and activation of C/EBP␤, which in turn induces expression of C/EBP␣, PPAR␥, and essential proteins for the adipocyte function, such as a-FABP, resulting in terminal differentiation of the adipocyte. Overexpression of TRB3 in both 3T3-L1 preadipocytes and in embryonic fibroblasts, such as Swiss fibroblasts, completely inhibits the induction of proadipogenic genes by C/EBP␤ and, consequently, blocks terminal adipogenesis.
Recent studies have shown that C/EBP␤, along with C/EBP␦, is a key player in the early stages of adipogenesis. Not only does C/EBP␤ induce expression of C/EBP␣ and PPAR␥, it also regulates the expression and activity of additional factors that cooperate with C/EBP␣ and PPAR␥ to ensure terminal differentiation. Most notably, C/EBP␤ stimulates clonal expansion, induces the proadipogenic transcription factor KLF5, and is required for the synthesis of PPAR␥ ligands (20, 35, 51, 61) . The transcriptional activity of C/EBP␤ is regulated by several mechanisms, including association with other proteins, such as DIPA, DeltaFosB, ETO, CHOP-10, or GATA (2, 9, 29, 42, 50, 55) , as well as posttranslational modifications, including phosphorylation, acetylation, and sumoylation (23, 37, 38, 47, 49) .
Several reports have demonstrated a role for phosphorylation in regulating C/EBP␤ activity in response to a variety of effectors in different cell types. In fact, the data suggest strongly that C/EBP␤ normally exists in a repressed state and is activated by phosphorylation of the regulatory domain (26, 37, 38, 49) . This domain contains several serines and threonines, all of which are phosphorylated to some extent by a constitutive process. The site encompassing threonine 188 (SPPGT 188 PSP) is a consensus site for both GSK3 and ERK1/2. Modification of this site by mutation of Thr188 to alanine inhibits the C/EBP␤-associated transcription of a c-fos reporter in response to growth hormone signaling and prevents the induction of C/EBP␣ and adiponectin expression by C/EBP␤ (37, 38) . In addition, a recent study has identified a proline-directed phosphoacceptor site at serine 64, which appears to be a target of Cdk2 and Cdc2. The authors of that study found that Thr188 can be phosphorylated by CDKs in addition to ERK1/2 and GSK3 and demonstrated that cell cycle-dependent phosphorylation of C/EBP␤ on Ser64 and Thr188 is required to promote Ras-induced transformation of NIH 3T3 cells (47) .
In vitro experiments with C/EBP␤ show that phosphorylation of Thr188 by ERK1/2 primes C/EBP␤ for subsequent phosphorylation on Ser184 and Thr179 by GSK3␤, acquisition of DNA-binding function, and transactivation of the C/EBP␣ and PPAR␥ genes (49) . Our data indicate that TRB3 is inhibiting C/EBP␤ activity by directly interacting with C/EBP␤ on its RD1 domain and also preventing its phosphorylation by ERK1/2 and possibly GSK3 on critical regulatory phosphoacceptor sites. In fact, the data show that TRB3 significantly attenuates the proadipogenic, insulin-dependent activation of ERK1/2. Interestingly, in these cells, under early differentiation conditions, we see no effect of TRB3 overexpression to block Akt or GSK3 phosphorylation or activation. On the other hand, we find that TRB3 is capable of specifically interacting with C/EBP␤ through its repression domain 1, preventing its ability to bind DNA and transactivate the a-FABP gene and C/EBP␣ gene promoters. Our results indicate that TRB3 is able to regulate C/EBP␤ activity through two distinct mechanisms: an upstream regulation of its phosphorylation or activation by MAP kinase and a direct physical interaction between TRB3 and C/EBP␤ (Fig. 7) , although the relative importance of these two mechanisms in the final inhibition of C/EBP␤ still needs to be determined. Interestingly, these results demonstrate that, in addition to the role of TRB3 in regulating insulin signaling and lipid mobilization in mature adipocytes (39) , TRB3 also can control the transcriptional cascade of early adipogenesis and, thus, TRB3 is an important determinant of the adipocyte differentiation process.
A similar dual function, i.e., effects on differentiation and mature cell function, has been assigned to some other regulators of adipogenesis, including ERK (4, 21) and ADD1/ SREBP1 (24, 25, 56) . Indeed, ERK proteins are able to regulate the activity of key transcription factors that are essential to adipocyte differentiation such as C/EBP␤ or PPAR␥ and also regulate the insulin-stimulated glucose transport in mature adipocyte. ADD1/SREBP1 is also able to promote adipocyte differentiation and is involved in the insulin-mediated regulation of fatty acid synthetase and leptin genes expression in mature adipocytes. 6828 BEZY ET AL. MOL. CELL. BIOL.
In this regard, it is worth noting that an additional function of the proadipogenic hormones, DEX and cAMP, is to suppress TRB3 expression coincident with their induction of C/EBP␤. Such a coordinated mechanism must exist since the subsequent induction of PPAR␥ and C/EBP␣ depends on optimum C/EBP␤ activity. Our data are consistent with the notion that TRB3 is a negative regulator of C/EBP␤, and, consequently, its expression and/or activity needs to be attenuated to permit C/EBP␤ target gene expression. Once C/EBP␤ has fulfilled its commitments during early adipogenesis its expression is terminated, and TRB3 expression or activity can be restored to fulfill its functions in the mature adipocyte.
As noted above, Tribbles proteins belong to a new family of proteins termed pseudokinases (5) . At present some 48 different proteins have been identified as having kinase homology sequences but lacking catalytic activity due to amino acid sequence alterations in the kinase catalytic site. For example, the "kinase-like" domain of TRB3 lacks the consensus ATP binding site essential for any kinase activity, and the kinase consensus motif (H/Y)RDL(K/R)XXN in the catalytic core domain is not conserved. Thus, TRB3 is not a functional kinase. However, pseudokinases such as TRB3 still possess the protein-protein interaction domains required for substrate regulation, allowing them to act as dominant negative in several signaling pathways. Indeed, the Tribbles family has been extensively studied for its implication in the regulation of several key signaling pathways such as the Akt/GSK3, ERK, and S6K1-mTOR pathways, together with their potential involvement in diabetes and cancer (10, 27, 31) .
More recently, TRB3 has also been implicated in the regulation of other proteins, including transcriptional factors, especially the leucine-zipper transcription factors such as members of the ATF family (34, 36) . Indeed, TRB3 has been shown to interact and inhibits both ATF-4 and ATF-5 by regulating their association with the transcriptional apparatus. It has been proposed that the association of TRB3 with ATF-4 or -5 triggers their ubiquitination and therefore their degradation by the proteasome (36) . C/EBPs are also members of the leucine zipper family of transcription factors, and TRB3 appears to be involved in their regulation as well. For example, in Drosophila Tribbles interacts with Slbo, a b-ZIP transcription factor homologous to C/EBP protein, and this interaction facilitates the ubiquitination and degradation of Slbo (43) . In mammalian cells TRB3 can also interact with CHOP (C/EBP-homologous protein). In this case, TRB3 inhibits CHOP activity but does not promote its degradation (34) . Furthermore, C/EBP␣ has been shown to be a target of the Tribbles homolog TRB2, which inactivates C/EBP␣ in the pathogenesis of acute myelogenous leukemia (22) . In our data, no alteration of either the total amount of C/EBP␤ or C/EBP␤ protein half-life (data not shown) was observed in response to TRB3 overexpression, indicating that TRB3 is not triggering C/EBP␤ ubiquitination and therefore its degradation by the proteasome. Furthermore, under the conditions of these experiments, TRB3 is a specific inhibitor of C/EBP␤ and not of C/EBP␣ or C/EBP␦. An explanation for this specificity was revealed by the deletion analysis that defined the repression domain RD1 of C/EBP␤ as the major binding site for TRB3. Despite the fact that all C/EBP family members share a high identity in their b-ZIP (involved in the specificity of the DNA binding and the dimerization) and in their transactivation domains (involved in the recruitment of the basal transcription apparatus), the other domains, including RD1, are quite divergent.
In the present study, we demonstrate that TRB3 is a direct regulator and inhibitor of C/EBP␤. In this case, TRB3 inhibits C/EBP␤ in part by preventing its phosphorylation by MAP kinases, as well as by associating with C/EBP␤ in the nucleus through its repression domain 1, resulting in a blockade of its transcriptional activity. The same kind of regulation has been observed for p65/RelA. TRB3 interacts with p65/RelA in 293 cells and prevents its protein kinase A-dependent phosphorylation but not the nuclear translocation of p65/RelA (58) . Together, these data strongly support the emerging perspective that TRB3 and other pseudokinases participate as a scaffolding protein involved in the assembly of multiprotein complexes In conclusion, the mammalian homologue of Tribbles, TRB3, is an important negative regulator of adipogenesis, acting to block the activity of a critical adipogenic transcription factor, C/EBP␤. This effect occurs through multiple mechanisms, including a direct interaction between the two proteins. The fact that C/EBP␤ functions during very early steps in the commitment of mesenchymal stem cells to adipocytic and other lineages suggests that TRB3 may play a more general role in the determination of the fate of mesenchymal progenitors. Further delineation of the role of TRB3 in regulating processes controlling the expansion (proliferation) and differentiation of adipogenic progenitors should lead to the identification of additional targets for therapeutic approaches to combat obesity and its associated disorders.
